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Abstract
Neuropathic pain is generally defined as a chronic pain state resulting from peripheral and/or central nerve injury.
Effective treatment for neuropathic pain is still lacking, due in part to poor understanding of pathological
mechanisms at the molecular level. Neuronal mechanisms of neuropathic pain, especially synaptic plasticity, are the
major focus of many investigators. N-methyl-D-aspartate (NMDA) receptor dependent synaptic plasticity at the
spinal and cortical levels is believed to contribute to enhanced sensory responses after injury. Glial cells, including
astrocytes and microglia, have recently been implicated in neuropathic pain. These glial cells form close
interactions with neurons and thus may modulate nociceptive transmission under pathological conditions. In this
review, we present recent progress in the study of neuronal and microglial mechanisms underlying neuropathic
pain. We propose that activity-dependent neuronal plasticity is a key target for treatment in neuropathic pain.
Introduction
Pain is an unpleasant sensory experience induced by
noxious stimuli. Physiological pain is important for ani-
mals to avoid potential injury, while pathological pain is
unpleasant, lasts for an extended period of time after
injury and is characterized by a heightened responsive-
ness to both noxious and non-noxious stimuli (hyperal-
gesia and allodynia, respectively). Neuropathic pain is
generally defined as a chronic pain state resulting from
peripheral or central nerve injury either due to acute
events (e.g. amputation, spinal cord injury) or systemic
disease (e.g. diabetes, viral infection and cancer).
Chronic pain costs approximate $100 billion annually in
healthcare and lost productivity in the United States [1].
Currently available treatments for neuropathic pain,
including tricyclic antidepressants and the current “gold
standard” gabapentin, typically show limited efficacy in
the majority of patients [2].
To develop a better treatment for neuropathic pain, a
comprehensive understanding of its pathogenesis is
required. Chronic pain (such as inflammatory and neu-
ropathic pain) is believed to be caused by aberrant neu-
ronal responses along the pain transmission pathway
from dorsal root ganglion (DRG) to, spinal cord,
thalamus and cortex. Both peripheral and central origins
are likely to be involved in chronic pain, although their
contribution may be different depending on the various
forms of chronic pain. For example, the sensitization of
nociceptors after tissue injury by “inflammatory soup”
leads to primary hyperalgesia and inflammatory pain.
Similarly, central sensitization and synaptic plasticity in
the central nervous system (CNS) contribute signifi-
cantly to neuropathic pain. Therefore, targeting neuro-
nal plasticity changes in somatosensory pathways is a
major direction for finding pain relieving medications.
However, it has been recently reported that neurons are
not the only cell type involved in chronic pain states.
Glial cells, including astrocytes and microglia, are emer-
ging as possible additional players in the initiation and
maintenance of neuropathic and inflammatory pain.
These glial cells have close interactions with neurons
and thus modulate pain transmission particularly under
pathological conditions [3-5].
The aim of this review is to compare recent progress
in neuronal and glial mechanisms underlying neuro-
pathic and inflammatory pain. We focus on two major
pain-related areas in the CNS, the spinal cord dorsal
horn and anterior cingulate cortex (ACC). We will first
examine the neuronal basis of chronic pain, and then
review the recent progress in the role of glia in neuro-
pathic and inflammatory pain, with particular emphasis
on microglia. Finally, the cross-talk between neuronal
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matory pain will be discussed.
Neuronal mechanisms for neuropathic pain
Nociceptive signaling initiated in peripheral sensory
neurons enters the spinal cord dorsal horn and is con-
veyed to supraspinal structures such as the brain stem,
thalamus, somatosensory cortex, insular cortex and
ACC [6]. Synapses within each relay are under precise
regulation in order to provide appropriate behavioral
responses. Integrative approaches including the use of
human brain imaging and genetically manipulated mice
have provided strong evidence for the suggestion that
neuropathic pain is largely due to long-term plastic
changes along sensory pathways. In the brain, activity-
dependent synaptic plasticity is thought to be important
for memory formation and storage [7]. In the nocicep-
tive transmission pathway, plasticity underlies the cellu-
lar mechanism for behavioral sensitization in
neuropathic pain. Plastic changes not only take place in
peripheral nociceptors, spinal dorsal synapses, and sub-
cortical nuclei, but also in cortical nuclei that are
involved in the processing of noxious information. It is
believed that neuropathic pain is likely due to long-term
plastic changes along the nociceptive pathway [8]. It is
likely that synaptic potentiation in the spinal cord and
cortical areas together with abnormal peripheral activity
after the injury contribute to neuropathic pain. Further-
more, basic mechanisms for sensory synaptic potentia-
tion are often brain region dependent. We will discuss
long-term plasticity in the spinal cord dorsal horn and
the ACC to explore the neuronal mechanisms of neuro-
pathic pain.
Synaptic plasticity in the spinal cord dorsal horn
The spinal cord dorsal horn is the first relay for pain
transmission in the CNS. Glutamate is the principle fast
excitatory transmitter and the corresponding postsynap-
tic responses are mediated by a-amino-3-hydroxy-5-
methyl-4-isoxazole propionate (AMPA) and kainate
receptors with a smaller contribution of N-methyl-D-
aspartate (NMDA) receptors [9,10]. NMDA receptors
serve as a key coincidence detector and are important
for synaptic plasticity in central synapses. Therefore, it
is believed that NMDA receptors play a critical role in
injury-related synaptic plasticity in dorsal horn neurons,
such as long-term potentiation (LTP) [11].
Sustained noxious stimuli that are associated with tis-
sue injury in neuropathic pain result in a temporal sum-
mation of postsynaptic depolarization, which could
relieve Mg
2+ blockade of the NMDA receptor. The acti-
vation of NMDA receptors would allow Ca
2+ influx,
which in turn activates calcium-sensitive intracellular
signal cascades that lead to the phosphorylation of the
NMDA receptor and other receptor-ion channels,
initiating prolonged increases in the excitability of spinal
cord neurons [12]. Studies of LTP in spinal dorsal horn
neurons have drawn much attention because it is
believed that the potentiation of sensory responses after
injury may explain neuropathic pain [13]. In in vitro
spinal slices, LTP in the spinal dorsal horn neurons
could be induced by several different protocols, includ-
ing high frequency stimulation, low frequency stimula-
tion or a pairing protocol. The mechanism of LTP
induction involves the activation of NMDA receptors,
neurokinin 1 receptors and the downstream MAP kinase
pathway [14-16]. In addition, in vivo LTP of C-fiber-
evoked responses could also be induced by low or high
frequency stimulation of sensory nerve fibers [15].
Recent studies showed that NR2B-containing NMDA
receptors are required for spinal LTP induction [17,18].
More importantly, in animals with the spinal cord and
descending pathways intact, intraplantar injections of
formalin or sciatic nerve jury induced LTP in the dorsal
horn that was dependent on NMDA receptor activation
[19,20].
Due to the unique gating properties of Mg
2+,m o s t
NMDA receptors are not active under normal condi-
tions. Thus, synapses containing only NMDA receptors
are called silent synapses. Our results indicate the exis-
tence of silent synapses between sensory fibers in dorsal
horn neurons. Moreover, 5-hydroxytryptamine (5-HT),
an important neurotransmitter of the raphe-spinal pro-
jection pathway, transforms silent glutamatergic
synapses into functional ones [21]. The mechanism
underlying this conversion involves 5-HT induced PKC
activation, AMPA receptor-PDZ interactions, and the
recruitment of AMPA receptors [22]. Silent synapses are
likely involved in synaptic potentiation in the spinal dor-
sal horn, considering that the recruitment of silent
synapses could significantly enhance spinal sensory
transmission, including nociceptive transmission.
Another potential function of silent synapses is to con-
tribute to a descending facilitatory modulatory network
within the spinal cord. The recruitment by 5-HT could
strengthen spinal sensory synapses receiving innervation
from descending 5-HT projection fibers, which most
likely originate from the rostral ventromedial medulla
(RVM) [23].
In addition to synaptic potentiation of excitatory
transmission in the spinal cord dorsal horn, recent stu-
dies showed that long-term disinhibition might also
contribute to persistent pain. Peripheral nerve injury or
inflammation leads to a long-lasting reduction in the
expression of the potassium-chloride exporter KCC2,
which increased the intracellular Cl
- concentration and
thus alleviated the inhibitory effects of GABAergic or
glycinergic transmission [24,25]. It is likely that such
changes occur in a late phase of neuropathic pain and
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ity after injury. Upregulation of acid-sensing ion chan-
nels in the spinal cord dorsal horn has also been
reported following peripheral inflammation [26-28]. It
has been proposed that this upregulation of acid-sensing
ion channels may contribute to spinal sensitization, and
thus inflammatory pain [29].
Synaptic plasticity in the anterior cingulate cortex
Recent results from both human and animal studies are
consistent with the suggestion that the ACC and related
areas are important for pain perception. ACC neurons
respond to nociceptive stimuli, and activity within the
ACC is related to the unpleasantness or discomfort of
somatosensory stimuli [30]. Electric stimulation or che-
mical activation of the ACC induced behavioral sensiti-
zation to heat or shock in animals [31,32], whereas
blocking excitatory transmission or downstream cAMP
and AC1&8 signaling inhibited pain-like behavior [33].
In addition, peripheral injury caused bilateral activity in
the ACC, increased expression of immediate early genes,
such as c-fos, Egr1 and CREB, and increased electrophy-
siological responses [34-36].
Electrophysiological experiments in cortical slices have
shown that excitatory synaptic transmission in the cin-
gulate cortex is primarily glutamatergic [37,38]. Both
LTP and LTD of excitatory transmission can be induced
in ACC slices [39-41], which allow a more detailed
examination of the mechanisms underlying cortical plas-
ticity. Both NR2A and NR2B NMDA receptors are
required for LTP induction in the ACC. Multiple down-
stream signaling pathways such as calmodulin (CaM),
calcium-stimulated AC1 and AC8, CaMKIV, and MAP
kinase are involved in LTP in the ACC [40,42]. A series
of studies from our laboratory has demonstrated that
central plasticity occurs in the ACC, and is associated
with chronic pain. Genetic forebrain overexpression of
NR2B increased the NMDA-mediated postsynaptic cur-
rent in the ACC and enhanced behavioral sensitization
after inflammation [34]. We also found that peripheral
inflammation caused the upregulation of NR2B in the
ACC, which may underlie inflammation-related persis-
tent pain [37]. Our recent results further showed that
presynaptic release of glutamate and postsynaptic
AMPA responses in ACC neurons are increased after
peripheral nerve injury [43]. PKMzeta was found to be
critical for maintaining synaptic potentiation in the
ACC [44].
LTD might help to maintain appropriate neuronal
activity within the ACC by reducing synaptic transmis-
sion. Using an amputation model and field recordings,
we found that amputation of the third hindpaw digit in
an adult rat caused a loss of LTD that persisted for at
least 2 weeks [36]. The results of these studies are com-
patible with the hypothesis that synaptic LTD in the
ACC enhances neuronal responses to subsequent soma-
tosensory stimuli after amputation [35].
A proposed synaptic model for the molecular mechan-
ism of LTP in the ACC based on these studies is shown
in Figure 1[11,45]. Neural activity triggered by injury
increases the release of glutamate at the ACC synapse.
The activation of NMDA receptors by glutamate leads
to an increase in postsynaptic calcium in dendritic
spines. Calcium binds to CaM, leading to the activation
of calcium-stimulated signaling pathways. CaM stimu-
lated ACs, including AC1 and AC8, CaM-dependent
protein kinases, PKC, and CaMKII can all phosphorylate
glutamate AMPA receptors, boosting their sensitivity to
glutamate or increasing the number of synaptic recep-
tors. Activation of CaMKIV, which is predominantly
expressed in the nucleus, triggers CaMKIV-dependent
CREB. In addition, activation of AC1 and AC8 leads to
the activation of PKA and subsequently CREB. CREB, as
well as other immediate early genes, activate targets that
are thought to cause long-lasting changes in synaptic
s t r u c t u r ea n df u n c t i o n .F u t u r es t u d i e sa r en e e d e dt o
map signaling pathways that contribute to the mainte-
nance of LTP, including late-phase LTP, in the ACC.
Targeting NMDA receptors and synaptic plasticity for
treatment of neuropathic pain
Current therapeutic strategies for neuropathic pain aim
to reduce the excitability of neurons by modulating ion
channel activity (such as gabapentin and lidocaine) or
by enhancing endogenous inhibitory mechanisms (such
as tricyclic antidepressants and opioids). As we dis-
cussed above, NMDA receptors play a critical role in
synaptic plasticity within pain transmission pathways
and are thus likely to be important in neuropathic pain.
However, among clinically assessed NMDA antagonists,
the narrow separation between effectiveness and liabil-
ities, such as sedation, memory impairments, motor
incoordination and psychotomimetic effects, has severely
hampered their utility for the treatment of neuropathic
pain. NR2B subunit-containing NMDA receptors are
localized in pain-relevant structures, such as in superfi-
cial layers of the dorsal spinal horn, thalamus, hippo-
campus and cortex. The restricted distribution of NR2B
makes it promising as a candidate target of side effect-
free analgesic drugs. Cited By in Scopus (7)Indeed,
NR2B antagonists, such as ifenprodil and related com-
pounds, are effective in neuropathic pain in animals,
and show better separation between efficacy and side
effects in human patients than non-selective NMDA
receptor blockers [2,46]. Importantly, these drugs are
non-addictive and may even attenuate morphine-
induced conditioned place preference [47]. Therefore,
NR2B NMDA receptors and their downstream signaling
targets such as AC1 are potential targets for neuropathic
pain [11,46,48].
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Our understanding of pathological pain has evolved from
solely neuronal mechanisms to neuron-glial interactions.
In particular, astrocytes and microglia act as possible mod-
ulators of neuropathic pain by releasing a number of cyto-
kines and chemokines. Astrocytes and microglia play
different roles in relation to neuronal activity; however,
they do have some overlapping functions in mediating
CNS innate immune response [5]. Both astrocytes and
microglia are activated in neuropathic pain, and their acti-
vation leads to pro-inflammatory responses with patholo-
gical effects, such as neuronal hyperexcitability,
neurotoxcity and chronic inflammation. The roles of
astrocytes in neuropathic pain have been summarized in a
number of recent reviews [5,49]. Here we will focus on the
role of microglia in neuropathic pain
Mapping microglial cells in the CNS
Microglia are the resident macrophages and principal
immune-response cells in the CNS [50]. They comprise
5-10% of the glial cell population and are quite evenly
distributed in the brain. Little is known about the func-
tion of resting microglia under normal conditions in the
brain. Recently, it was found that resting microglia have
highly dynamic processes and survey the microenviron-
ment in the brain in vivo [51,52] or in acute brain slices
in vitro [53]. Under pathological conditions, these cells
are activated and exhibit chemotactic, phagocytoxic and
secretory responses to various stimuli [54]. Immunos-
taining for microglia-specific antigens, such as Iba1,
OX-42, CD11b, CD4, ED1 or major histocompatibility
complex (MHC) II are commonly used for microglial
identification in situ [55]. To study microglial functions
like migration, phagocytosis, or cytokine release, cul-
tured microglia are often used. A Boyden chamber or
Dunn chamber is commonly used for migration assays
[56], while beads, bacteria, or neurons labeled with
fluorescent markers are used for phagocytosis. Microglia
in culture may be transformed into amoeboid cells,
which do not represent resting microglia in situ.
Recently, in vivo two photon imaging techniques were
Figure 1 Signaling pathways for NMDA receptor-dependent LTP in the ACC. Neural activity releases glutamate in the ACC synapses.
Subsequent to activation of glutamate NMDA receptors, Ca
2+ binds to CaM and leads to activation of calcium-stimulated ACs, including AC1
and AC8 and Ca
2+/CaM dependent protein kinases (PKC, CaMKII and CaMKIV). Activation of CaMKIV, a kinase predominantly expressed in the
nuclei, will trigger CaMKIV-dependent CREB. In addition, activation of AC1 and AC8 lead to activation of PKA, and subsequently CREB. CREB and
other immediate early genes (e.g., Egr1) in turn activate targets that are thought to lead to more permanent structural changes. Inset box: the
simplified neuronal network for sensory synaptic transmission, plasticity and regulation in the central nervous system. DRG: dorsal root ganglion.
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Although technical limitations hampered further study
of the molecular mechanisms underlying microglial
responses, especially for those located in deeper brain
areas, in vivo imaging provides a unique chance to
examine brain microglial motility and neuron-microglia
communication under physiological and pathological
conditions.
Electrophysiology has been used to study microglial
membrane receptors and ion channels in recent years.
Pioneering work on microglia electrophysiology was
done by the Kettenmann group, showing that microglia
express currents mediated by a variety of ion channels
and neurotransmitter receptors in vitro and in situ [58].
Most studies on microglia electrophysiology have been
conducted in cultured cells. Only a few studies have
been performed in young brain slices, in part due to the
difficulty of identifying microglial cells in brain slices
[59]. The recent development of transgenic mice with
green fluorescent protein (GFP)-labeled microglia pro-
vides a good tool to study microglia in situ [60,61].
Taking advantage of these transgenic mice, one could
easily identify microglia and perform patch clamp
recordings in acute brain slices. These microglia largely
represent the properties of resting microglia in both
morphology and electrophysiology [53,62]. Simultaneous
time-lapse confocal imaging and perforated whole-cell
recordings were also applied to study microglial electric
responses during chemotaxis [53]. For example, we have
shown that ATP can induce a rapid chemotaxis of
microglial processes (in minutes), which is associated
with the generation of an outward K
+ current (Figure 2).
The results provide a novel insight into ATP receptors
and their associated signaling pathways in the control of
microglial movement. This imaging method was also
applied in the spinal cord dorsal horn and a similar
ATP-induced chemotaxis was observed [63].
Activation of spinal but not cortical microglia in
neuropathic pain
Resting ramified microglia rapidly transform into an
activated state in most pathological conditions, including
host defense against infectious organisms, autoimmune
Figure 2 Simultaneous confocal imaging and patch clamp recordings in microglia in situ. ATP-containing pipette induced both outward
current and chemotaxis in brain microglia. Outward current appears after pipette approaches, while disappears after the pipette moves away
from the recording microglia (middle). DIC image showed the recording pipette and ATP-containing pipette. Fluorescent images showed that
the chemotactic effect during the insertion of the ATP pipette (upper). When the pipette was removed out of the slice, the moving terminals
rapidly disappeared (lower, right). Scale bar, 15 μm. Modified from [53].
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neuropathic pain [50,64]. Activation of microglia is
accompanied by changes in morphology, upregulation of
immune surface antigens and the production of cyto-
toxic or neurotrophic molecules [54,65]. Under neuro-
pathic pain conditions, microglial activation in the
spinal dorsal horn has been demonstrated by at least
three different methods. First, the morphology of micro-
glia transforms from “resting” states, which have thin
and branched processes, to “activated” states, which are
characterized by hypertrophy with thickened and
retracted processes [64]. The morphological change is
also associated with proliferation or microgliosis. For
example, it has been shown that dorsal horn laminae I
to III manifested a higher density of microglia after per-
oneal nerve ligation [66]. Second, compared with resting
microglia, these activated microglia exhibit a change in
surface markers, membrane-bound or embedded pro-
teins. These include CD11b, P2X4 receptors, toll-like
receptor 4, CD44, and MHC II [3]. Third, the activation
of spinal microglia in neuropathic pain is characterized
by phosphorylation of MAP kinases, including the p38
and Src-family kinases, such as Lyn [3,67]. Electrophy-
siology has not been applied to study activated microglia
in the spinal dorsal horn associated with neuropathic
pain; it has been reported that in the facial nucleus,
after nerve axotomy, microglia exhibit prominent inward
rectifier currents [68]. Interestingly, spinal microglia
activation occurs during the early phase of neuropathic
pain and precedes astrogliosis, supporting the current
hypothesis that microglia may be important for initia-
tion, while astrocytes are important for the maintenance
of neuropathic pain [67,69]. It is important to point out
that none of the spinal glial cells project to the brain.
Thus, the influence of glial changes may act through
ascending neuronal transmission. Unfortunately, no
recent studies address this critical aspect of neuropathic
pain.
Using transgenic mice in which microglia are selec-
tively labeled with GFP, we have recently performed sys-
tematic mapping of microglia in major pain-related
brain areas in mice following nerve injury [66].
Although we have confirmed the activation of spinal
microglial cells after nerve injury, we did not find any
microgliosis in supraspinal structures, including the
somatosensory cortex and the ACC (Figure 3). These
findings are consistent with our recent study demon-
strating that microglial motility was not altered by neu-
ronal activity or LTP induction in the aforementioned
brain regions [62]. In spite of this lack of microgliosis,
we cannot completely exclude the possibility that micro-
glia are altered at the biochemical and molecular levels
in neuropathic pain. Indeed, upregulation of microglial
and astrocytic markers such as OX-42 and GFAP was
observed in rat brain after peripheral administration of
complete Freunds adjuvant (CFA) to produce inflamma-
tion [70]. Interestingly, astrogliosis was observed in the
ACC after sciatic nerve ligation [71].
Mechanism for the activation of microglia in neuropathic
pain
Spinal microglia are activated in the setting of neuro-
pathic pain. However, signals that mediate microglial
activation are still poorly understood. In the setting of
neuropathic pain, peripheral neurons transmit signals
to spinal dorsal horn neurons, releasing neurotransmit-
ters such as calcitonin gene-related protein (CGRP),
substance P, glutamate, and ATP. Locally in the dorsal
horn, there are also other neurotransmitters involved,
such as GABA, glycine, serotonin. Therefore, it is plau-
sible to suggest that these neurotransmitters may initi-
ate microglial activation associated with neuropathic
pain. However, by using whole-cell patch clamp
recordings, we found that resting microglia did not
show any observable current using electric stimulation,
exogenous glutamate or GABA [62]. Consistently, local
applications of neurotransmitters such as glutamate,
GABA, and substance P, neuromodulators and chemo-
kines such as serotonin, noradrenaline, carbachol,
CX3CL1 (fractalkine), MCP-1, and interleukins (IL), or
electric stimulation of dorsal root fibers with noxious
intensity did not induce microglial chemotaxis in the
spinal cord dorsal horn [63]. Therefore, it seems that
resting microglia do not have fast electrical or chemo-
tactic responses to these neurotransmitters or cyto-
kines. Nevertheless, microglia may still sense these
neuronal signals via other means.
Figure 3 Spinal but not cortical microgliosis after peripheral
nerve injury. Left column, sham-operated; right column, peripheral
nerve injury. Nerve injury evoked an ipsilateral increase of microglial
cells in L4 spinal dorsal horns. Asterisks indicate contralateral side of
nerve injury. The structures in the cortex are indicated by arrow or
enclosed by dashed lines. 1, ACC (Anterior cingulate cortex). Bar =
350 μm. Modified from [66].
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which may lead to microglial activation after peripheral
nerve injury. These signaling pathways include ATP and
its receptors (P2X and P2Y receptor), fractalkine and
CX3CR1, monocyte chemotactic protein (MCP-1) and
CCR2. Spinal microglia have robust responses to ATP
via purinergic signaling. Similar to microglia in the
brain, spinal microglia show fast chemotaxis in response
to local application of ATP [63]. Microglia are known to
express both ionotropic receptors, such as P2X4 and
P2X7, and metabotropic receptors, such as P2Y6 and
P2Y12 [72,73]. Activation of P2X4 in microglia facili-
tates BDNF release [74], while activation of P2X7 in
microglia induces IL1b release and CXCL2 production
[75,76]. Interestingly, The P2Y12 receptor in microglia
is reported to mediate ATP-induced microglial chemo-
taxis [53,77] while P2Y6 may mediate microglial phago-
cytosis [78]. Moreover, ATP induced both inward and
outward current in resting microglia, which may be
mediated by P2X and P2Y receptors, respectively [53].
In models of neuropathic pain, both P2X4 and P2Y12
receptors are upregulated in microglia, but not in neu-
rons or astrocytes in the dorsal horn. Pharmacological
inhibition or genetic deletion of either P2X4 or P2Y12
alleviates allodynia or heat hyperalgesia after peripheral
nerve injury [79,80].
Fractalkine and its receptor CX3CR1 are also involved
in microglial activation associated with neuropathic
pain. Fractalkine is a neuronal transmembrane glycopro-
tein that can be released after being cleaved by proteoly-
sis. Although fractalkine did not induce microglial
chemotaxis in vitro, intrathecal injection of fractalkine
activates p38 in spinal microglia and produces mechani-
cal allodynia and thermal hyperalgesia [81]. The cleavage
of fractalkine may involve cathepsin S, a cysteine pro-
tease that is expressed in spinal microglia. It has been
shown that noxious stimulation of primary afferent
fibers induces release of cathepsin S from microglia; the
process may require P2X7 activation [82,83]. Intrathecal
application of cathepsin S also induces p38 activation
and allodynia [84]. Microglial cells constitutively express
CX3CR1, and its expression is markedly upregulated in
models of neuropathic pain [81,85]. Therefore, it is con-
ceivable that fractalkine may act on CX3CR1 to exert its
effects in neuropathic pain. However, most studies only
used indirect behavioral studies to test this possibility.
For example, microglial p38 activation and behavioral
sensitization produced by fractalkine or cathepsin S are
largely reduced in either CX3CR1 knockout mice or
after using a neutralizing antibody against CX3CR1
[81,84,86]. A recent study also confirmed that there is
reduced inflammatory and neuropathic pain, and a
decreased spinal microglial response in CX3CR1 knock-
out mice [87].
In addition, MCP-1 and its receptor CCR2 are
involved in microglial activation and neuropathic pain.
Intrathecal injection of MCP-1 produced tactile allody-
nia, while a MCP-1 neutralizing antibody reduced neu-
ropathic pain [88]. The expression of MCP-1 is induced
in primary sensory neurons after peripheral nerve injury
and it may be transported to the central terminals of
primary afferents in the dorsal horn [88,89]. Microglial
cells in the dorsal horn express CCR2, which may med-
iate MCP-1’s effect, as well as neuron-microglia commu-
nication in neuropathic pain. Consistently, MCP-1
induced microglial morphology transitions and p38 acti-
vation in microglia. Additionally, neuropathic pain is
substantially reduced in mice lacking CCR2 [90,91].
In addition to these three major pathways that med-
iate microglial activation in models of neuropathic pain,
other molecules may also be important, including toll-
like receptors, MHC class II protein, and CB2 receptors
[3]; however, their endogenous ligands in the setting of
neuropathic pain remain to be clarified. Recent progress
also points to the potential involvement of microglial
INFg receptors, ErbB receptors, and NADPH oxidase 2
in microglial activation and neuropathic pain [92-94].
Activated microglia and neuropathic pain
Whether or not activated microglia are sufficient to
cause neuropathic pain is still open to debate. Intrathe-
cal administration of microglia, activated by ATP,
decreased the pain threshold, while a similar application
of activated astrocytes did not [80,95]. This result sup-
ports the suggestion that activated microglia are suffi-
cient to produce neuropathic pain. However, other
studies have found a dissociation of microglial activation
and tactile allodynia [96,97].
How might activated microglia contribute to neuro-
pathic pain? One intriguing pathway involving ATP and
the P2X4 receptor has been proposed. Peripheral nerve
injury leads to an upregulation of P2X4 receptors in
activated microglia. ATP acts on the P2X4 receptor in
microglia and induces intracellular Ca
2+ elevation and
phosphorylation of p38, which subsequently increase
BDNF synthesis and release [74]. BDNF released from
microglia may produce a depolarizing shift in the Cl
-
reversal potential by reduction in the expression of the
potassium-chloride exporter KCC2 in dorsal horn neu-
rons [98]. The shift in anion reversal potential prompts
a disinhibition and thus facilitates mechanical allodynia
after nerve injury.
In animal models of neuropathic pain, activated
microglia also increase synthesis and secretion of various
cytokines and chemokines, including IL-1b, IL-6, tumor
necrosis factor-a(TNFa), PGE2, and nitric oxide. It has
been shown that p38 activation turns on the transcrip-
tion factor NF-B, which leads to the expression of IL-
1b, IL6, and COX-2 [99]. These cytokines, released by
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an autocrine manner and may act directly on dorsal
horn neurons to cause behavioral sensitization. For
example, it has been shown that intrathecal administra-
tion of IL-1b,I L 6 ,o rT N F a can lead to symptoms of
neuropathic pain in healthy rats [100]. However, direct
evidence for enhanced spinal sensory transmission is
still lacking, despite numerous pharmacological and
behavioral studies [69]. Many key discoveries still need
to be confirmed at the cellular and synaptic levels. Rely-
ing solely on behavioral results can be misleading, as
they are easily affected by the environment, modulatory
effects on inhibitory neurons, and side effects on motor
function.
Targeting microglia for neuropathic pain
Given the increasing evidence that microglia play a criti-
cal role in the development of neuropathic pain, micro-
glia and related signaling molecules hold promise as
targets for pain control. The therapeutic benefits of tar-
geting microglial molecules may reside in the fewer side
effects on acute pain sensation, as most of these mole-
cules are upregulated predominantly in activated micro-
glia. A few immunosuppressive compounds are being
developed to attenuate microglial activation and inflam-
mation and have proven to be effective in animal mod-
els of neuropathic pain [101]. For example, minocycline,
a second-generation tetracycline antibiotic, selectively
targets microglia to globally inhibit metabolism. At a
cellular level, this drug suppresses the expression of
inducible nitric oxide synthase, the production of pro-
inflammatory cytokines, and p38 phosphorylation in
microglia; at the behavioral level, it is therapeutically
effective in animal models of neuropathic pain [102].
Minocycline can cross the blood-brain barrier and is
under clinical investigation as a treatment for multiple
sclerosis and amyotrophic lateral sclerosis [103]. How-
ever, it should be noted that minocycline also has a vari-
ety of side effects, including fever, stomach pain, effects
on vision, drowsiness, and even psychiatric problems
[104]. Therefore, future studies are needed to elucidate
the molecular mechanisms of minocycline’s effects on
brain microglia as well as other cells. Other drugs tar-
geting inflammation include ankinra (an antagonist of
IL-1b) and etanercept (a TNF receptor fusion protein).
Both demonstrated beneficial effects in animal models
of neuropathic pain [105,106].
Microglia and inflammatory pain
Recent studies have shown that activation of microglial
cells in the spinal cord may contribute to inflammatory
pain. For example, Clark et al (2007) reported ipsilateral
dorsal horn microglial activation 2 weeks after injury,
and bilateral activation 50 days following intraplantar
zymosan, but not intraplantar CFA. They found that
spinal injection of the glial metabolic inactivator fluoro-
citrate reversed hyperalgesia after intraplantar zymosan
and produced no reversal of CFA-induced hyperalgesia
[107]. Therefore, the involvement of microglia in inflam-
matory pain is dependent on the inflammatory stimulus
administered.
The involvement of microglia in inflammatory pain
may also happen at a supraspinal level. Microinjection
of the glial inhibitors minocycline or fluorocitrate into
t h eR V Mp r o d u c e das i g n i f i c a n ta n dt i m e - r e l a t e d
attenuation of behavioral hypersensitivity resulting from
hindpaw inflammation [108]. Carrageenan-induced
inflammation increased immunolabeling of microglia
and astrocytes in the RVM, suggesting that inflamma-
tory pain is associated with glial activation in the RVM
[108]. Recently, it was reported that inflammatory and
neuropathic nociceptive responses were reduced in
CX3CR1 knockout mice, although the possible contribu-
tion of spinal versus brainstem glial cells has not been
examined in the same study [87]. Most of these studies
used pharmacological and behavioral approaches. Future
studies using electrophysiological methods are needed to
confirm the effects of inhibitors or gene deletion on
pain transmission. It is important to exclude any possi-
ble modulatory effects on motor functions or sensory
related motor circuits.
Cross-talk between neuronal and glial mechanisms
As we have described in our discussion of the neuronal
mechanisms of neuropathic pain, long-term plastic
changes along sensory pathways play a central role in
mediating behavioral sensitization. On the other hand,
glial cells such as microglia are also critical for the
development of neuropathic pain. These two parallel
causes of neuropathic pain are not independent, acting
in concert to generate a behavioral pain phenotype.
In the spinal dorsal horn, it has been reported that
microglial activation may partially contribute to the
induction of LTP. The mechanism may involve the acti-
vation of a microglial ATP receptor, such as P2X4 or
P2X7, p38 phosphorylation and IL-1 release [109,110].
The exact synaptic mechanism for potentiation, how-
ever, remains to be determined. In contrast to the spinal
cord, microglial activationi nb r a i ni n f l a m m a t i o na n d
infection are associated with attenuations in LTP in the
hippocampus during aging [111], chronic brain inflam-
mation [112] or human immunodeficiency virus infec-
tion [113]. The discrepancy may be due to a wide range
of immune mediators released from activated microglia,
some of which are destructive, while others exert pro-
tective effects on neurons and pain transmission.
Activity-dependent synaptic plasticity is associated
with the release of various neuromodulators, such as
ATP, BDNF and tissue plasminogen activator (tPA)
Zhuo et al. Molecular Brain 2011, 4:31
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Page 8 of 12[114-116], which may affect microglia. However, we
have found that high or low frequency stimulation of
dorsal roots, which could induce long-term plasticity in
the spinal dorsal, did not affect microglial motilities
[63]. Similarly, microglial motility is independent of LTP
in brain slices [62]. Although these results did not
exclude the possibility that LTP induction may cause
biochemical changes in microglia, which mimic micro-
glial activation during pathological insults, they provide
new insights into the role of resting microglia in physio-
logical functions compared to pathological conditions.
Furthermore, in the ACC, despite enhanced excitatory
transmission between neurons, no microgliosis was
found after peripheral nerve injury [43,66]. It is thus
likely that neuronal plasticity plays a key role in injury-
related changes in the ACC.
Conclusions and future directions
After two decades of searching, there is still a lack of
effective treatments for neuropathic pain. Clearly, more
basic research is needed at the molecular, cellular, sys-
temic, and behavioral levels. Understanding neuronal
and glial mechanisms in neuropathic pain offers hope of
developing painkillers targeting NMDA receptors or
microglia-related molecules. One obvious challenge for
most treatments is their side effects on cognition.
NMDA receptors play important roles in various cogni-
tive functions, while microglia survey the microenviron-
ment in the brain. Therefore, the use of such drugs for
neuropathic pain is likely to require balancing a gain
and loss of brain function. It may be inevitable that
some cognitive functions must be sacrificed in order to
control severe pain in some patient populations.
Research is needed that focuses on the following routes
to develop painkillers with an improved therapeutic
index: (1) Targeting NR2B-selective NMDA receptors.
NR2B antagonism has been shown to be effective in
neuropathic pain treatment, with fewer side effects than
t r a d i t i o n a lt h e r a p i e s .M o r ee f f o r t ss h o u l db em a d et o
develop selective NR2B antagonists and test them in
preclinical and clinical trials; (2) Targeting forebrain
NMDA receptors. Recent studies from both human and
animal consistently demonstrate that forebrain areas are
important for processing pain perception and the
unpleasantness of somatosensory stimuli. Therefore,
selectively targeting NMDA receptors in the forebrain
would provide new insights into treatment of neuro-
pathic pain [11]; (3) Targeting proteins downstream of
the NMDA receptor, such as calcium-stimulated AC1
and other protein kinases. We hope that the basic
mechanisms of neuropathic pain elucidated from animal
studies will help us to understand why some drugs are
ineffective treatments for neuropathic pain; we also
hope that the identification of new protein targets such
as AC1 will facilitate the development of new medicines
for chronic pain [48].
Acknowledgements
Supported by grants from the Canadian Institutes of Health Research
(CIHR66975, CIHR84256), the EJLB-CIHR Michael Smith Chair in Neurosciences
and Mental Health, and the Canada Research Chair to M. Z. L.-J.W. was
supported by postdoctoral fellowship from the Canadian Institutes of Health
Research, and is Lefler fellow in Harvard Medical School. We thank J. Stefan
Kaczmarek for helpful comments and critical reading of the manuscript.
Author details
1Center for Neuron and Disease, Frontier Institute of Science and
Technology, Xi’an Jiaotong University, Xi’an, China.
2Department of
Physiology, Faculty of Medicine, University of Toronto Centre for the Study
of Pain, University of Toronto, 1 King’s College Circle, Toronto, Ontario M5S
1A8, Canada.
3Research Division, Joslin Diabetes Center, Harvard Medical
School, Boston, MA 02215, USA.
4Department of Neurobiology, Harvard
Medical School and Department of Cardiology, Children’s Hospital Boston,
MA 02115, USA.
Authors’ contributions
MZ and LJW conceived of the study, MZ, GW and LJW drafted the
manuscript. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 26 June 2011 Accepted: 30 July 2011 Published: 30 July 2011
References
1. McCarberg BH, Billington R: Consequences of neuropathic pain: quality-
of-life issues and associated costs. Am J Manag Care 2006, 12:S263-268.
2. Childers WE Jr, Baudy RB: N-methyl-D-aspartate antagonists and
neuropathic pain: the search for relief. J Med Chem 2007, 50:2557-2562.
3. Inoue K, Tsuda M: Microglia and neuropathic pain. Glia 2009,
57:1469-1479.
4. McMahon SB, Malcangio M: Current challenges in glia-pain biology.
Neuron 2009, 64:46-54.
5. Milligan ED, Watkins LR: Pathological and protective roles of glia in
chronic pain. Nat Rev Neurosci 2009, 10:23-36.
6. Zhuo M: Neuronal mechanism for neuropathic pain. Mol Pain 2007, 3:14.
7. Kandel ER: The molecular biology of memory storage: a dialogue
between genes and synapses. Science 2001, 294:1030-1038.
8. Zhuo M: A synaptic model for pain: long-term potentiation in the
anterior cingulate cortex. Mol Cells 2007, 23:259-271.
9. Li P, Wilding TJ, Kim SJ, Calejesan AA, Huettner JE, Zhuo M: Kainate-
receptor-mediated sensory synaptic transmission in mammalian spinal
cord. Nature 1999, 397:161-164.
10. Yoshimura M, Jessell T: Amino acid-mediated EPSPs at primary afferent
synapses with substantia gelatinosa neurones in the rat spinal cord. J
Physiol 1990, 430:315-335.
11. Wu LJ, Zhuo M: Targeting the NMDA receptor subunit NR2B for the
treatment of neuropathic pain. Neurotherapeutics 2009, 6:693-702.
12. Woolf CJ, Salter MW: Neuronal plasticity: increasing the gain in pain.
Science 2000, 288:1765-1769.
13. Ji RR, Kohno T, Moore KA, Woolf CJ: Central sensitization and LTP: do pain
and memory share similar mechanisms? Trends Neurosci 2003, 26:696-705.
14. Ikeda H, Heinke B, Ruscheweyh R, Sandkuhler J: Synaptic plasticity in
spinal lamina I projection neurons that mediate hyperalgesia. Science
2003, 299:1237-1240.
15. Sandkuhler J: Understanding LTP in pain pathways. Mol Pain 2007, 3:9.
16. Wei F, Vadakkan KI, Toyoda H, Wu LJ, Zhao MG, Xu H, Shum FW, Jia YH,
Zhuo M: Calcium calmodulin-stimulated adenylyl cyclases contribute to
activation of extracellular signal-regulated kinase in spinal dorsal horn
neurons in adult rats and mice. J Neurosci 2006, 26:851-861.
17. Pedersen LM, Gjerstad J: Spinal cord long-term potentiation is attenuated
by the NMDA-2B receptor antagonist Ro 25-6981. Acta Physiol (Oxf) 2008,
192:421-427.
Zhuo et al. Molecular Brain 2011, 4:31
http://www.molecularbrain.com/content/4/1/31
Page 9 of 1218. Qu XX, Cai J, Li MJ, Chi YN, Liao FF, Liu FY, Wan Y, Han JS, Xing GG: Role of
the spinal cord NR2B-containing NMDA receptors in the development of
neuropathic pain. Exp Neurol 2009, 215:298-307.
19. Zhang HM, Zhou LJ, Hu XD, Hu NW, Zhang T, Liu XG: Acute nerve injury
induces long-term potentiation of C-fiber evoked field potentials in
spinal dorsal horn of intact rat. Sheng Li Xue Bao 2004, 56:591-596.
20. Ikeda H, Stark J, Fischer H, Wagner M, Drdla R, Jager T, Sandkuhler J:
Synaptic amplifier of inflammatory pain in the spinal dorsal horn. Science
2006, 312:1659-1662.
21. Li P, Zhuo M: Silent glutamatergic synapses and nociception in
mammalian spinal cord. Nature 1998, 393:695-698.
22. Li P, Kerchner GA, Sala C, Wei F, Huettner JE, Sheng M, Zhuo M: AMPA
receptor-PDZ interactions in facilitation of spinal sensory synapses. Nat
Neurosci 1999, 2:972-977.
23. Zhuo M, Gebhart GF: Spinal cholinergic and monoaminergic receptors
mediate descending inhibition from the nuclei reticularis
gigantocellularis and gigantocellularis pars alpha in the rat. Brain Res
1990, 535:67-78.
24. Coull JA, Boudreau D, Bachand K, Prescott SA, Nault F, Sik A, De Koninck P,
De Koninck Y: Trans-synaptic shift in anion gradient in spinal lamina I
neurons as a mechanism of neuropathic pain. Nature 2003, 424:938-942.
25. Zhang W, Liu LY, Xu TL: Reduced potassium-chloride co-transporter
expression in spinal cord dorsal horn neurons contributes to
inflammatory pain hypersensitivity in rats. Neuroscience 2008, 152:502-510.
26. Matricon J, Gelot A, Etienne M, Lazdunski M, Muller E, Ardid D: Spinal cord
plasticity and acid-sensing ion channels involvement in a rodent model
of irritable bowel syndrome. Eur J Pain 2011, 15:335-343.
27. Duan B, Wu LJ, Yu YQ, Ding Y, Jing L, Xu L, Chen J, Xu TL: Upregulation of
acid-sensing ion channel ASIC1a in spinal dorsal horn neurons
contributes to inflammatory pain hypersensitivity. J Neurosci 2007,
27:11139-11148.
28. Wu LJ, Duan B, Mei YD, Gao J, Chen JG, Zhuo M, Xu L, Wu M, Xu TL:
Characterization of acid-sensing ion channels in dorsal horn neurons of
rat spinal cord. J Biol Chem 2004, 279:43716-43724.
29. Xu TL, Duan B: Calcium-permeable acid-sensing ion channel in
nociceptive plasticity: a new target for pain control. Prog Neurobiol 2009,
87:171-180.
30. Casey KL: Forebrain mechanisms of nociception and pain: analysis
through imaging. Proc Natl Acad Sci USA 1999, 96:7668-7674.
31. Calejesan AA, Kim SJ, Zhuo M: Descending facilitatory modulation of a
behavioral nociceptive response by stimulation in the adult rat anterior
cingulate cortex. Eur J Pain 2000, 4:83-96.
32. Tang J, Ko S, Ding HK, Qiu CS, Calejesan AA, Zhuo M: Pavlovian fear
memory induced by activation in the anterior cingulate cortex. Mol Pain
2005, 1:6.
33. Wei F, Qiu CS, Kim SJ, Muglia L, Maas JW, Pineda VV, Xu HM, Chen ZF,
Storm DR, Muglia LJ, et al: Genetic elimination of behavioral sensitization
in mice lacking calmodulin-stimulated adenylyl cyclases. Neuron 2002,
36:713-726.
34. Wei F, Wang GD, Kerchner GA, Kim SJ, Xu HM, Chen ZF, Zhuo M: Genetic
enhancement of inflammatory pain by forebrain NR2B overexpression.
Nat Neurosci 2001, 4:164-169.
35. Wei F, Zhuo M: Potentiation of sensory responses in the anterior
cingulate cortex following digit amputation in the anaesthetised rat. J
Physiol 2001, 532:823-833.
36. Wei F, Li P, Zhuo M: Loss of synaptic depression in mammalian anterior
cingulate cortex after amputation. J Neurosci 1999, 19:9346-9354.
37. Wu LJ, Toyoda H, Zhao MG, Lee YS, Tang J, Ko SW, Jia YH, Shum FW,
Zerbinatti CV, Bu G, et al: Upregulation of forebrain NMDA NR2B
receptors contributes to behavioral sensitization after inflammation. J
Neurosci 2005, 25:11107-11116.
38. Wu LJ, Zhao MG, Toyoda H, Ko SW, Zhuo M: Kainate receptor-mediated
synaptic transmission in the adult anterior cingulate cortex. J
Neurophysiol 2005, 94:1805-1813.
39. Zhao MG, Toyoda H, Lee YS, Wu LJ, Ko SW, Zhang XH, Jia Y, Shum F, Xu H,
Li BM, et al: Roles of NMDA NR2B subtype receptor in prefrontal long-
term potentiation and contextual fear memory. Neuron 2005, 47:859-872.
40. Liauw J, Wu LJ, Zhuo M: Calcium-stimulated adenylyl cyclases required
for long-term potentiation in the anterior cingulate cortex. J Neurophysiol
2005, 94:878-882.
41. Toyoda H, Zhao MG, Zhuo M: Roles of NMDA receptor NR2A and NR2B
subtypes for long-term depression in the anterior cingulate cortex. Eur J
Neurosci 2005, 22:485-494.
42. Wu LJ, Zhang XH, Fukushima H, Zhang F, Wang H, Toyoda H, Li BM, Kida S,
Zhuo M: Genetic enhancement of trace fear memory and cingulate
potentiation in mice overexpressing Ca2+/calmodulin-dependent
protein kinase IV. Eur J Neurosci 2008, 27:1923-1932.
43. Xu H, Wu LJ, Wang H, Zhang X, Vadakkan KI, Kim SS, Steenland HW,
Zhuo M: Presynaptic and postsynaptic amplifications of neuropathic
pain in the anterior cingulate cortex. J Neurosci 2008, 28:7445-7453.
44. Li XY, Ko HG, Chen T, Descalzi G, Koga K, Wang H, Kim SS, Shang Y, Kwak C,
Park SW, et al: Alleviating neuropathic pain hypersensitivity by inhibiting
PKMzeta in the anterior cingulate cortex. Science 2010, 330:1400-1404.
45. Zhuo M: Plasticity of NMDA receptor NR2B subunit in memory and
chronic pain. Mol Brain 2009, 2:4.
46. Gogas KR: Glutamate-based therapeutic approaches: NR2B receptor
antagonists. Curr Opin Pharmacol 2006, 6:68-74.
47. Narita M, Aoki T, Suzuki T: Molecular evidence for the involvement of
NR2B subunit containing N-methyl-D-aspartate receptors in the
development of morphine-induced place preference. Neuroscience 2000,
101:601-606.
48. Wang H, Xu H, Wu LJ, Kim SS, Chen T, Koga K, Descalzi G, Gong B,
Vadakkan KI, Zhang X, et al: Identification of an adenylyl cyclase inhibitor
for treating neuropathic and inflammatory pain. Sci Transl Med 2011,
3:65ra63.
49. Hald A: Spinal astrogliosis in pain models: cause and effects. Cell Mol
Neurobiol 2009, 29:609-619.
50. Streit WJ, Mrak RE, Griffin WS: Microglia and neuroinflammation: a
pathological perspective. J Neuroinflammation 2004, 1:14.
51. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR,
Dustin ML, Gan WB: ATP mediates rapid microglial response to local
brain injury in vivo. Nat Neurosci 2005, 8:752-758.
52. Nimmerjahn A, Kirchhoff F, Helmchen F: Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Science 2005,
308:1314-1318.
53. Wu LJ, Vadakkan KI, Zhuo M: ATP-induced chemotaxis of microglial
processes requires P2Y receptor-activated initiation of outward
potassium currents. Glia 2007, 55:810-821.
54. Gonzalez-Scarano F, Baltuch G: Microglia as mediators of inflammatory
and degenerative diseases. Annu Rev Neurosci 1999, 22:219-240.
55. Flaris NA, Densmore TL, Molleston MC, Hickey WF: Characterization of
microglia and macrophages in the central nervous system of rats:
definition of the differential expression of molecules using standard and
novel monoclonal antibodies in normal CNS and in four models of
parenchymal reaction. Glia 1993, 7:34-40.
56. Honda S, Sasaki Y, Ohsawa K, Imai Y, Nakamura Y, Inoue K, Kohsaka S:
Extracellular ATP or ADP induce chemotaxis of cultured microglia
through Gi/o-coupled P2Y receptors. J Neurosci 2001, 21:1975-1982.
57. Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J: Resting microglia
directly monitor the functional state of synapses in vivo and determine
the fate of ischemic terminals. J Neurosci 2009, 29:3974-3980.
58. Farber K, Kettenmann H: Physiology of microglial cells. Brain Res Brain Res
Rev 2005, 48:133-143.
59. Brockhaus J, Ilschner S, Banati RB, Kettenmann H: Membrane properties of
ameboid microglial cells in the corpus callosum slice from early
postnatal mice. J Neurosci 1993, 13:4412-4421.
60. Hirasawa T, Ohsawa K, Imai Y, Ondo Y, Akazawa C, Uchino S, Kohsaka S:
Visualization of microglia in living tissues using Iba1-EGFP transgenic
mice. J Neurosci Res 2005, 81:357-362.
61. Jung S, Aliberti J, Graemmel P, Sunshine MJ, Kreutzberg GW, Sher A,
Littman DR: Analysis of fractalkine receptor CX(3)CR1 function by
targeted deletion and green fluorescent protein reporter gene insertion.
Mol Cell Biol 2000, 20:4106-4114.
62. Wu LJ, Zhuo M: Resting microglial motility is independent of synaptic
plasticity in mammalian brain. J Neurophysiol 2008, 99:2026-2032.
63. Chen T, Koga K, Li XY, Zhuo M: Spinal microglial motility is independent
of neuronal activity and plasticity in adult mice. Mol Pain 2010, 6:19.
64. Tsuda M, Inoue K, Salter MW: Neuropathic pain and spinal microglia: a
big problem from molecules in “small” glia. Trends Neurosci 2005,
28:101-107.
Zhuo et al. Molecular Brain 2011, 4:31
http://www.molecularbrain.com/content/4/1/31
Page 10 of 1265. Bruce-Keller AJ: Microglial-neuronal interactions in synaptic damage and
recovery. J Neurosci Res 1999, 58:191-201.
66. Zhang F, Vadakkan KI, Kim SS, Wu LJ, Shang Y, Zhuo M: Selective
activation of microglia in spinal cord but not higher cortical regions
following nerve injury in adult mouse. Mol Pain 2008, 4:15.
67. Ji RR, Suter MR: p38 MAPK, microglial signaling, and neuropathic pain.
Mol Pain 2007, 3:33.
68. Boucsein C, Kettenmann H, Nolte C: Electrophysiological properties of
microglial cells in normal and pathologic rat brain slices. Eur J Neurosci
2000, 12:2049-2058.
69. Gosselin RD, Suter MR, Ji RR, Decosterd I: Glial Cells and Chronic Pain.
Neuroscientist 2010.
70. Raghavendra V, Tanga FY, DeLeo JA: Complete Freunds adjuvant-induced
peripheral inflammation evokes glial activation and proinflammatory
cytokine expression in the CNS. Eur J Neurosci 2004, 20:467-473.
71. Narita M, Kuzumaki N, Kaneko C, Hareyama N, Miyatake M, Shindo K,
Miyoshi K, Nakajima M, Nagumo Y, Sato F, et al: Chronic pain-induced
emotional dysfunction is associated with astrogliosis due to cortical
delta-opioid receptor dysfunction. J Neurochem 2006, 97:1369-1378.
72. Inoue K: Microglial activation by purines and pyrimidines. Glia 2002,
40:156-163.
73. James G, Butt AM: P2Y and P2X purinoceptor mediated Ca2+ signalling
in glial cell pathology in the central nervous system. Eur J Pharmacol
2002, 447:247-260.
74. Trang T, Beggs S, Wan X, Salter MW: P2X4-receptor-mediated synthesis
and release of brain-derived neurotrophic factor in microglia is
dependent on calcium and p38-mitogen-activated protein kinase
activation. J Neurosci 2009, 29:3518-3528.
75. Clark AK, Staniland AA, Marchand F, Kaan TK, McMahon SB, Malcangio M:
P2X7-dependent release of interleukin-1beta and nociception in the
spinal cord following lipopolysaccharide. J Neurosci 2010, 30:573-582.
76. Shiratori M, Tozaki-Saitoh H, Yoshitake M, Tsuda M, Inoue K: P2X7 receptor
activation induces CXCL2 production in microglia through NFAT and
PKC/MAPK pathways. J Neurochem 2010, 114:810-819.
77. Haynes SE, Hollopeter G, Yang G, Kurpius D, Dailey ME, Gan WB, Julius D:
The P2Y12 receptor regulates microglial activation by extracellular
nucleotides. Nat Neurosci 2006, 9:1512-1519.
78. Koizumi S, Shigemoto-Mogami Y, Nasu-Tada K, Shinozaki Y, Ohsawa K,
Tsuda M, Joshi BV, Jacobson KA, Kohsaka S, Inoue K: UDP acting at P2Y6
receptors is a mediator of microglial phagocytosis. Nature 2007,
446:1091-1095.
79. Tozaki-Saitoh H, Tsuda M, Miyata H, Ueda K, Kohsaka S, Inoue K: P2Y12
receptors in spinal microglia are required for neuropathic pain after
peripheral nerve injury. J Neurosci 2008, 28:4949-4956.
80. Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S,
Salter MW, Inoue K: P2X4 receptors induced in spinal microglia gate
tactile allodynia after nerve injury. Nature 2003, 424:778-783.
81. Zhuang ZY, Kawasaki Y, Tan PH, Wen YR, Huang J, Ji RR: Role of the
CX3CR1/p38 MAPK pathway in spinal microglia for the development of
neuropathic pain following nerve injury-induced cleavage of fractalkine.
Brain Behav Immun 2007, 21:642-651.
82. Clark AK, Wodarski R, Guida F, Sasso O, Malcangio M: Cathepsin S release
from primary cultured microglia is regulated by the P2X7 receptor. Glia
2010, 58:1710-1726.
83. Clark AK, Yip PK, Malcangio M: The liberation of fractalkine in the dorsal
horn requires microglial cathepsin S. J Neurosci 2009, 29:6945-6954.
84. Clark AK, Yip PK, Grist J, Gentry C, Staniland AA, Marchand F, Dehvari M,
Wotherspoon G, Winter J, Ullah J, et al: Inhibition of spinal microglial
cathepsin S for the reversal of neuropathic pain. Proc Natl Acad Sci USA
2007, 104:10655-10660.
85. Lindia JA, McGowan E, Jochnowitz N, Abbadie C: Induction of CX3CL1
expression in astrocytes and CX3CR1 in microglia in the spinal cord of a
rat model of neuropathic pain. J Pain 2005, 6:434-438.
86. Milligan ED, Zapata V, Chacur M, Schoeniger D, Biedenkapp J, O’Connor KA,
Verge GM, Chapman G, Green P, Foster AC, et al: Evidence that exogenous
and endogenous fractalkine can induce spinal nociceptive facilitation in
rats. Eur J Neurosci 2004, 20:2294-2302.
87. Staniland AA, Clark AK, Wodarski R, Sasso O, Maione F, D’Acquisto F,
Malcangio M: Reduced inflammatory and neuropathic pain and
decreased spinal microglial response in fractalkine receptor (CX3CR1)
knockout mice. J Neurochem 2010, 114:1143-1157.
88. Thacker MA, Clark AK, Bishop T, Grist J, Yip PK, Moon LD, Thompson SW,
Marchand F, McMahon SB: CCL2 is a key mediator of microglia activation
in neuropathic pain states. Eur J Pain 2009, 13:263-272.
89. Zhang J, De Koninck Y: Spatial and temporal relationship between
monocyte chemoattractant protein-1 expression and spinal glial
activation following peripheral nerve injury. J Neurochem 2006,
97:772-783.
90. Abbadie C, Lindia JA, Cumiskey AM, Peterson LB, Mudgett JS, Bayne EK,
DeMartino JA, MacIntyre DE, Forrest MJ: Impaired neuropathic pain
responses in mice lacking the chemokine receptor CCR2. Proc Natl Acad
Sci USA 2003, 100:7947-7952.
91. Zhang J, Shi XQ, Echeverry S, Mogil JS, De Koninck Y, Rivest S: Expression
of CCR2 in both resident and bone marrow-derived microglia plays a
critical role in neuropathic pain. J Neurosci 2007, 27:12396-12406.
92. Calvo M, Zhu N, Tsantoulas C, Ma Z, Grist J, Loeb JA, Bennett DL:
Neuregulin-ErbB signaling promotes microglial proliferation and
chemotaxis contributing to microgliosis and pain after peripheral nerve
injury. J Neurosci 2010, 30:5437-5450.
93. Kim D, You B, Jo EK, Han SK, Simon MI, Lee SJ: NADPH oxidase 2-derived
reactive oxygen species in spinal cord microglia contribute to
peripheral nerve injury-induced neuropathic pain. Proc Natl Acad Sci
USA 2010.
94. Tsuda M, Masuda T, Kitano J, Shimoyama H, Tozaki-Saitoh H, Inoue K: IFN-
gamma receptor signaling mediates spinal microglia activation driving
neuropathic pain. Proc Natl Acad Sci USA 2009, 106:8032-8037.
95. Narita M, Miyatake M, Shibasaki M, Shindo K, Nakamura A, Kuzumaki N,
Nagumo Y, Suzuki T: Direct evidence of astrocytic modulation in the
development of rewarding effects induced by drugs of abuse.
Neuropsychopharmacology 2006, 31:2476-2488.
96. Colburn RW, DeLeo JA, Rickman AJ, Yeager MP, Kwon P, Hickey WF:
Dissociation of microglial activation and neuropathic pain behaviors
following peripheral nerve injury in the rat. J Neuroimmunol 1997,
79:163-175.
97. Hashizume H, DeLeo JA, Colburn RW, Weinstein JN: Spinal glial activation
and cytokine expression after lumbar root injury in the rat. Spine (Phila
Pa 1976) 2000, 25:1206-1217.
98. Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M, Inoue K, Gravel C,
Salter MW, De Koninck Y: BDNF from microglia causes the shift in
neuronal anion gradient underlying neuropathic pain. Nature 2005,
438:1017-1021.
99. Krakauer T: Molecular therapeutic targets in inflammation:
cyclooxygenase and NF-kappaB. Curr Drug Targets Inflamm Allergy 2004,
3:317-324.
100. Reeve AJ, Patel S, Fox A, Walker K, Urban L: Intrathecally administered
endotoxin or cytokines produce allodynia, hyperalgesia and changes in
spinal cord neuronal responses to nociceptive stimuli in the rat. Eur J
Pain 2000, 4:247-257.
101. Mika J, Osikowicz M, Rojewska E, Korostynski M, Wawrzczak-Bargiela A,
Przewlocki R, Przewlocka B: Differential activation of spinal microglial and
astroglial cells in a mouse model of peripheral neuropathic pain. Eur J
Pharmacol 2009, 623:65-72.
102. Ledeboer A, Sloane EM, Milligan ED, Frank MG, Mahony JH, Maier SF,
Watkins LR: Minocycline attenuates mechanical allodynia and
proinflammatory cytokine expression in rat models of pain facilitation.
Pain 2005, 115:71-83.
103. Scholz J, Woolf CJ: The neuropathic pain triad: neurons, immune cells
and glia. Nat Neurosci 2007, 10:1361-1368.
104. Cohen PR: Medication-associated depersonalization symptoms: report of
transient depersonalization symptoms induced by minocycline. South
Med J 2004, 97:70-73.
105. Schafers M, Svensson CI, Sommer C, Sorkin LS: Tumor necrosis factor-alpha
induces mechanical allodynia after spinal nerve ligation by activation of
p38 MAPK in primary sensory neurons. J Neurosci 2003, 23:2517-2521.
106. Winkelstein BA, Rutkowski MD, Sweitzer SM, Pahl JL, DeLeo JA: Nerve injury
proximal or distal to the DRG induces similar spinal glial activation and
selective cytokine expression but differential behavioral responses to
pharmacologic treatment. J Comp Neurol 2001, 439:127-139.
107. Clark AK, Gentry C, Bradbury EJ, McMahon SB, Malcangio M: Role of spinal
microglia in rat models of peripheral nerve injury and inflammation. Eur
J Pain 2007, 11:223-230.
Zhuo et al. Molecular Brain 2011, 4:31
http://www.molecularbrain.com/content/4/1/31
Page 11 of 12108. Roberts J, Ossipov MH, Porreca F: Glial activation in the
rostroventromedial medulla promotes descending facilitation to mediate
inflammatory hypersensitivity. Eur J Neurosci 2009, 30:229-241.
109. Chu YX, Zhang Y, Zhang YQ, Zhao ZQ: Involvement of microglial P2X7
receptors and downstream signaling pathways in long-term
potentiation of spinal nociceptive responses. Brain Behav Immun 2010.
110. Gong QJ, Li YY, Xin WJ, Zang Y, Ren WJ, Wei XH, Zhang T, Liu XG: ATP
induces long-term potentiation of C-fiber-evoked field potentials in
spinal dorsal horn: the roles of P2X4 receptors and p38 MAPK in
microglia. Glia 2009, 57:583-591.
111. Griffin R, Nally R, Nolan Y, McCartney Y, Linden J, Lynch MA: The age-
related attenuation in long-term potentiation is associated with
microglial activation. J Neurochem 2006, 99:1263-1272.
112. Hauss-Wegrzyniak B, Lynch MA, Vraniak PD, Wenk GL: Chronic brain
inflammation results in cell loss in the entorhinal cortex and impaired
LTP in perforant path-granule cell synapses. Exp Neurol 2002, 176:336-341.
113. Xiong H, Zeng YC, Zheng J, Thylin M, Gendelman HE: Soluble HIV-1
infected macrophage secretory products mediate blockade of long-term
potentiation: a mechanism for cognitive dysfunction in HIV-1-associated
dementia. J Neurovirol 1999, 5:519-528.
114. Hughes PE, Alexi T, Walton M, Williams CE, Dragunow M, Clark RG,
Gluckman PD: Activity and injury-dependent expression of inducible
transcription factors, growth factors and apoptosis-related genes within
the central nervous system. Prog Neurobiol 1999, 57:421-450.
115. Pang PT, Lu B: Regulation of late-phase LTP and long-term memory in
normal and aging hippocampus: role of secreted proteins tPA and
BDNF. Ageing Res Rev 2004, 3:407-430.
116. Zhuo M, Holtzman DM, Li Y, Osaka H, DeMaro J, Jacquin M, Bu G: Role of
tissue plasminogen activator receptor LRP in hippocampal long-term
potentiation. J Neurosci 2000, 20:542-549.
doi:10.1186/1756-6606-4-31
Cite this article as: Zhuo et al.: Neuronal and microglial mechanisms of
neuropathic pain. Molecular Brain 2011 4:31.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Zhuo et al. Molecular Brain 2011, 4:31
http://www.molecularbrain.com/content/4/1/31
Page 12 of 12